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Abstract 
Ratcheting is known as accumulation of plastic strain during asymmetric cyclic loading 
of materials under non-zero mean stress. This study intends to investigate the ratcheting 
behavior in AISI 4340 steel which is mainly used for designing of railway wheel sets, 
axles, shafts, aircraft components etc. The effect of stress ratio on the ratcheting behavior 
in both annealed and normalised conditions, effect of previous low cycle fatigue 
deformation on ratcheting behavior and vice versa were investigated for investigated 
steel. Ratcheting tests were done at different stress ratios of -0.4, -0.6 and -0.8 and strain 
controlled low cycle fatigue tests were done at strain amplitudes of ±0.50 and ±0.75. The 
results showed that cyclic hardening takes place during ratcheting deformation while 
strain accumulation increases with increasing stress ratio. Prior fatigue deformation 
induces more ratcheting strain in the material under same magnitudes of stress ratios. 
Post ratcheted samples showed increase in tensile strength and hardness which increases 
with increasing stress ratio and these variations in tensile properties are correlated with 
the induced cyclic hardening. The X-ray diffraction profile analysis using the modified 
Williamson–Hall equation has been carried out in order to estimate the dislocation 
densities in the specimens subjected to both ratcheting and low cycle fatigue. Increase in 
strain accumulation has been explained by increase in dislocation densities in the 
specimens and a correlation between the strain produced by ratcheting deformation and 
the estimated dislocation density has been established. 
 
Keywords: Low cycle fatigue, Ratcheting, hardening behavior, optical microscopy, X-ray 
diffraction profile analysis, dislocation density. 
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   INTRODUCTION 
Since 1850, it was observed that machine components subjecting to cyclic loading, would 
fail at much lower stress levels than that required to cause failure under static loading. This 
type of failures was then named as “fatigue” and subsequently it was found that fatigue is 
an important deformation mechanism and almost about 90% of all engineering failures 
occur due to fatigue [1]. Since then enormous work has been carried out in order to study 
various aspects of fatigue failure and to develop different methods to prevent this 
phenomenon. The phenomenon of fatigue may be divided into several types depending 
upon cycles to failure; these are low cycle fatigue (LCF), high cycle fatigue (HCF), very 
low and very high cycle fatigue (VLCF and VHCF respectively) etc. Depending on the 
nature of accumulated strain, the fatigue behavior can be subdivided as ratcheting, mean 
stress or strain relaxation etc. Amongst these, damage accumulation by ratcheting is 
getting considerable attention in last two decades and now-a-days several research groups 
are studying ratcheting behavior of materials [2-10]. Ratcheting is a phenomenon of cyclic 
plasticity that can accelerate fatigue damage or even act as the failure mechanism itself 
[11]. It occurs during asymmetric cyclic loading, in presence of positive or negative mean 
stress and thus plastic strain gets accumulated during each cycle in the direction of the 
applied mean stress. Accumulation of ratcheting strain can substantially reduce the fatigue 
life of a component [12-17]. In practice, machine components can come across both 
ratcheting and fatigue simultaneously and therefore failure of a component can occur due 
to fatigue, ratcheting or due to combination of both the effects. So it will be a priori to 
understand combined effect of ratcheting and fatigue of a material before designing for a 
particular application to define its proper fatigue life and to avoid catastrophic failure.  
Since few decades, enormous work has been reported on ratcheting behavior of various 
materials. Kang et al. [18, 19], Liu et al. [20] and Yoshida [21] focused on the interaction 
of fatigue and ratcheting of steel, and found the cyclic softening/hardening features affect 
the ratcheting behavior. Ray et al. [22], Dutta and Ray [23], Lee et al. [24],    Lin et al. [25, 
26] investigated ratcheting behavior of different steels and reported the 
Chapter1                                                                          Introduction 
 
3 
effect of stress amplitude and mean stress on ratcheting. Paul et al. [27], Wen et al. [28], 
Sarkar et al. [29], Pun et al. [30] and Yang [31] investigated ratcheting behavior of 
different steels and explained strain accumulation in prediction of ratcheting life. Kang et 
al. [32] and Cheng et al . [33] investigated the uniaxial time dependent ratcheting behavior 
of different steels at high temperature (300̊ C and 700̊ C) and they reported that ratcheting 
strain depends greatly on the stressing rate, holding time and ambient temperature. Chen 
and Hui [34], Tao and Xia [35, 36] and Shariati et al. [37] investigated the effects of 
loading rate, mean stress and stress amplitude on the ratcheting behavior of different 
polymers. The above investigations describe ratcheting behavior of different materials and 
only few of these reports represent combined effect of ratcheting behavior and LCF. But to 
refine our concepts on ratcheting and fatigue interactions, more experimental 
investigations are required to model the phenomena responsible for material behavior on 
presence of complex loadings. 
Steels of various compositions play vital role in manufacturing of metal products and 
designing critical engineering structures from historical ages due to their high strength 
along with remarkable toughness. AISI 4340 steel is a kind of medium carbon steel which 
is traditionally used in aerospace applications (e.g. crank shafts and landing gears) and in 
automotive industries (e.g. connecting rods and axles); the steel is known to be subjected 
to normalising heat treatment before being designed to any component [38]. One cannot 
rule out the presence of ratcheting deformation during applications of such machine 
components. In mechanical designs, load conditions are presented by maximum stress and 
stress ratio, responding to maximum load and cyclic features. Hence maximum stress and 
stress ratio are chosen as control parameters for describing the stress features. Currently, 
only few reports exist on stress ratio effect and almost negligible amount of reports exist 
that focus ratcheting and fatigue interaction of such steel [39-41]. Hence it is of utmost 
importance to investigate the ratcheting behavior at different stress ratios and ratcheting 
fatigue interaction behavior of such steel. Therefore, in the present work, effect of stress 
ratio on ratcheting and the interaction of fatigue and ratcheting of AISI 4340 steel under 
differently heat treated (annealed and normalised) conditions has been studied. In view of 
these, the steel is subjected to fixed number ratcheting followed by LCF and vice versa. 
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Fractographic analysis after the fatigue test has been carried out using scanning electron 
microscope. Efforts have been made to correlate fractographic study of microstructure and 
fatigue strength at different heat treated conditions.  
This thesis contains five chapters; Chapter 1 gives the information about importance of 
fatigue – ratcheting studies on the investigated AISI 4340 steel. Motivation and overview 
of present work is discussed in this chapter. Chapter 2 comprises of a review of previous 
investigations which are related to low cycle fatigue and ratcheting. Effect of strain 
amplitude, strain rate, stress amplitude etc. on LCF and effect of mean stress, stress 
amplitude on ratcheting are discussed. In published research papers the information gives 
the directions for further research and therefore, the present study is aimed to fulfill some 
gaps existing in previous investigations. Chapter 3 comprises the detailed information 
about the experiments which have been conducted in this work including heat treatment, 
hardness test, fatigue test, microstructural analysis, and grain size measurement. Chapter 4 
comprises of results and discussion of hardness test, tensile test, fatigue test and 
microstructural analysis. The effect of grain size on combination of low cycle fatigue and 
ratcheting has been discussed. Variations of fracture surfaces of annealed and normalized 
steels after the fatigue test are also discussed. Chapter 5 presents the conclusions and 
summary of the present work. It also provides the directions for further investigation. At 
the end, the references followed during this investigation are enlisted.   
  
 
 
 
 
 
 
 
CHAPTER 2 
LITERATURE REVIEW 
 
 
 
 
 
 
 
6 
 
LITERATURE REVIEW 
2.1 Fatigue of steel 
 Fatigue is a phenomenon that imposes small/high loads on materials repeatedly and leads 
to failure. These failures need to be avoided as they occur without any warning or 
indication [1]. Fatigue mainly occurs due to the following reasons: 
1. A maximum tensile stress of sufficiently high value. 
2. Large fluctuation in applied stress. 
3. A very high cycle for the applied stress. 
 
The various types of fluctuating loads that can lead to fatigue failure are given below: 
Figure.2.1 (a) shows completely reversed cycle of stress. For this type of  stress  cycle  the  
maximum  and  minimum  stresses  are  equal but of opposite sign,  In other words we can 
say symmetric loading (σm = 0). Tensile stress and compressive stress is considered 
positive and negative respectively. Figure 2.1 (b) shows repeated stress cycle where the 
maximum stress σmax and σmin are not equal [42, 43]. The figure shows that both σmax and 
σmin are in tension, but repeated stress cycle could contain maximum and minimum stresses of 
opposite sign or both in tension, which is known as asymmetric loading (σm ≠ 0). A 
complicated stress cycle is shown in Fig. 2.1 (c), which might  be  encountered  in  an  aircraft  
wing  subjected  to  periodic unpredictable load due to gusts  [39]. 
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2.2 Types of fatigue 
Fatigue life plays an important characteristic in an engineering component which is 
measured by number of cycles it withstands before failure occurs. The mechanical fatigue 
can be divided into Low cycle fatigue (LCF) and high cycle fatigue (HCF). Generally 
failure occurs apparently by these two mechanisms. In LCF it involves some large loads 
along with relatively short lives where significant plastic strain occurs. But in HCF it is 
associated with lower loads and longer lives where stresses and strains are largely confined 
to the elastic region. 
The main mechanism of LCF and HCF failures is that from stress concentrations (such as 
pores, inclusions etc.) there will be a local increase of stress levels due to pileup of 
dislocations, which will form slip bands and will grow to form cracks. 
 
Fig. 2.1:  (a) Reversed stress cycle (b) Repeated stress cycle (c) Irregular and random stress 
cycle. 
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2.3 Low cycle fatigue 
        Low cycle fatigue is an important consideration in the design and operation of various 
components like aircraft, automotive and thermal power generating systems operating at 
high temperatures. These components experience cyclic loading and thermal stresses 
arising during thermal transients, which give rise to low cycle fatigue damage. Low cycle 
fatigue may be under stress controlled and strain controlled conditions as the surface 
region is constrained by the bulk of the component. Operating at high temperatures with 
steady load period introduces creep damage in the component materials. Hence the power 
plant components have to be designed as per fatigue, creep and its interaction effects. 
2.4 Factors effecting LCF 
Low cycle fatigue behavior of medium carbon steel depends on various factors like strain 
rate, temperature, strain ratio etc. 
2.4.1 Effect of strain rate  
Yang et al. [44] have studied about the high strain rate low cycle impact fatigue of medium 
carbon alloy 40Cr steel, at strain rate of 400s
-1
. They reported that the high strain rates in 
low cycle impact fatigue make the steel brittle and prone to early failure. Therefore low 
cycle impact fatigue is considered more dangerous than ordinary low cycle fatigue. 
Chandra et al. [45] investigated the effect of strain rate on low cycle fatigue behavior of 
316L (N) stainless steel weld joints at strain rates of 3×10
-3
s
-1
, 3×10
-4
s
-1
 and 3×10
-5
s
-1
. 
They reported that initially brief hardening takes place; stress response at negative strain 
rate lowers the fatigue life, with decreasing strain rate. This has been correlated to dynamic 
strain aging regime operating at 823K. Based on fatigue mechanism relationship between 
time to failure and strain rate is used for life time prediction. Lee and Stone [46] reported 
the strain rate effect on LCF behavior of 63Sn/37Pb and showed that grain boundary 
sliding takes place at strain rates below 10
-3
s
-1 
and caused the initiation of intergranualar 
cracks on the free surface of 63Sn/37Pb tensile test specimens. 
Kanchanomai et al. [47] examined the strain rate effects on low cycle fatigue mechanism 
of eutectic Sn-Pb solder and they reported that in the low strain rate regime, wedge 
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cracking due to grain boundary sliding was the dominant mechanism. At high strain rate 
regime, extensive cavitations were observed on the colony boundary. 
 
 
 
 
 
 
 
 
The relationship between number of cycles to failure (Nf) and strain rate (s
-1
) are shown in 
above Fig. 2.2. The reduction in the number of cycles to failure with decreasing strain rate 
can be observed for both 0.5% and 2% total strain ranges. Rong et al. [48] examined the 
effects of strain rate on low cycle fatigue behavior of high strength structural steel. They 
investigated the material in the strain rate at a range of 4×10
5
 to 0.12 S
-1
(0.001-3 Hz) under 
constant total strain control. The cyclic stress response at all strain rates exhibited behavior 
of rapid softening in the early stage of fatigue life and subsequent saturation up to failure.  
2.4.2 Effect of strain amplitude 
Xiong et al. [39] reported that extruded ZK60 magnesium (Mg) alloy under fully reversed 
strain controlled loading, dislocation slips dominate the cyclic plastic deformation when 
the strain amplitude is less than 0.35%. A typical feature is the symmetrical stress–strain 
hysteresis loops with zero mean stresses. When the strain amplitude ranges from 0.4% to 
1.2%, partial twinning occurs under compression and detwinning occurs in the tensile 
reversal in a loading cycle. A distinct characteristic is the sustentation of the asymmetric  
Fig. 2.2: Strain rate effect on number of cycles of eutectic Sn-Pb solder 
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stress strain hysteresis loops and the positive mean stress with increasing loading cycles. 
When the strain amplitude is larger than 1.2%, the mean stress decreases quickly with 
increasing loading cycles and the stress–strain hysteresis loops tend to become more and 
more symmetric. Fatoba and Akid [49] observed strain amplitude effect on API 5L X65 
Pipeline Steel at room temperature and reported that increasing the total strain amplitude 
results in decrease in LCF life and stress amplitude which is shown in Fig.2.3.   
 
 
2.4.3 Effect of strain ratio  
Hao et al. [50] have investigated on 2124-T851 Aluminium alloy for the low cycle fatigue 
tests with strain ratios of -1, -0.06, 0.06 and 0.5 under constant amplitude at room 
temperature; the material exhibited cyclic softening characteristic and the degree of 
softening decreased linearly with decreasing strain ratio. The lower fatigue life and 
ductility of the material corresponded to the larger strain ratios. The substructural 
observations revealed that the density and length of slip bands increased with increasing 
strain ratios.  Begum et al. [51] reported LCF behavior of AZ31 wrought magnesium alloy. 
The evolution of stress amplitude during cyclic deformation is shown in Fig.2.4. It shows 
that the material exhibited higher cyclic hardening at the lower (or more negative) strain 
Fig. 2.3: Strain amplitude effect on number of cycles at different strain amplitudes of 
API 5L X65 Pipeline Steel 
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ratio than at the higher strain ratio, and at R = 0.5 the cyclic hardening became much 
weaker and almost linear in the semi-log coordinate. The stress amplitude also increased 
with increasing R values under the same strain amplitude and strain rate. The residual 
twins acting as barriers to dislocation slip and thus pileup of dislocations were considered 
to be the main cause for the occurrence of cyclic hardening. Fatigue life increased with 
decreasing strain ratio and increasing strain rate. 
 
 
 
 
 
 
 
 
 
Wang et al. [52] reported that the welded joints of Ti-6Al-4V base metal and Ti17 base 
metal basically exhibited asymmetrical hysteresis loops in tension and compression in the 
fully reversed strain controlled tests. At a strain ratio of Re= 0 &0.5, a large amount of 
plastic deformation occurred in the ascending phase of the first cycle of hysteresis loops of 
Ti-6Al-4V BM, Ti17BM due to the high positive mean strain values. Fatigue life was 
observed to be longest at Re= -1 and it is decreased as the strain ratio deviated from Re= -1.  
2.4.3 Effect of temperature  
Guocaichai et al. [53] investigated about the low cycle fatigue properties of Ni base alloys 
and they reported that at high temperature micro twins were initiated in Ni based alloy, 
Fig. 2.4: Strain amplitude vs. number of cycles at different strain ratios R. 
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which increased the plasticity and contributed to most of the localized deformation and 
consequently the softening. If only plastic strain is concerned, the influences of strain 
amplitude on the fatigue properties at room temperature and 204
o
C temperatures are 
comparable (Fig. 2.5 a). The cyclic stress-strain responses at these two temperatures, 
however, vary differently. At room temperature, alloy 690 shows a normal cyclic 
hardening and softening response. Increase in strain amplitude increases both hardening 
and softening rate. At 204
o
C, however, the stresses in the beginning increase with 
increasing number of cycles as expected.  
 
 
 
 
 
 
 
 
Grzegorz and Mrozinski [54] have extensively studied the fatigue behavior of cast steel 
and concluded that there is a growth of the mean diameter of M23C6 carbides at high 
temperature. He considered that the M23C6 carbide coarsening growth of mean diameter of 
sub grains and decrease in dislocation density and also disappearance of lath morphology 
are believed to be dominant factors for acceleration of fatigue softening of 
G×12CrMoVNbN9-1 cast steel. Zettle et al. [55] reported the very high cycle fatigue 
behavior of normalised carbon steel at room temperature constant amplitude cyclic 
loading. At low number of cycles, the material deformation is almost purely elastic, since 
dislocation in the ferrite grains and in the ferrite of the pearlite is blocked by carbon atoms. 
Then dislocation mobilization starts and cyclic softening connected with a localization of 
Fig. 2.5: (a) Strain amplitude vs. fatigue life (b) Cyclic stress response under strain 
controlled fatigue at RT and 204
o
C for alloy 690 material. 
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plastic strain is observed. Srinivasan et al. [56] examined the low cycle fatigue behavior of 
nitrogen alloyed type 316L stainless steel; the cyclic stress response at all temperatures 
was characterized by an initial hardening to the maximum stress, followed by gradual 
softening prior attaining saturation. Temperature dependence of fatigue life showed a 
maximum in the intermediate temperature range. Kim et al. [57] have done the analysis on 
high temperature low cycle fatigue properties of 24Cr ferritic stainless steel and concluded 
that the fatigue strength of 24Cr stainless steel decreased with increasing temperature but 
the fatigue life increased at 600°C and 700°C. The fatigue behavior at room temperature 
was characterized as cyclic hardening followed by saturation and cyclic softening while 
marginal cyclic hardening was observed at 600°C and 700°C which was shown in Fig 2.6. 
Microstructural analysis showed that persistent slip bands developed prevalently at room 
temperature but not at 600°C and 700°C. 
 
 
2.5 Ratcheting 
Ratcheting, a cyclic accumulation of inelastic deformation will occur in the materials 
subjected to a stress-controlled cyclic loading with non-zero mean stress [30-37]. It is a 
cyclic plastic strain accumulation process which takes place in engineering components 
Fig. 2.6: Cyclic stress response curve of 24Cr ferritic stainless steel at RT, 600
ᴏ
C 
and 700
ᴏ
C. 
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when they are subjected to asymmetrical cyclic stress and it greatly depends on type of 
materials. Ratcheting deformation occurs in such a way that the hysteresis loops produced 
for subsequent cycles translate towards higher plastic strain direction. This phenomenon 
illustrated in Fig. 2.7 and briefly explained in Fig. 2.8. 
 
Controlled Variable  
(Input) 
Uncontrolled Variable  
(Output) 
Hysteresis Loops  
(Stress-Strain Response) 
  Strain Hardening  
 
 
Strain Softening  
  
Mean stress Relaxation  
  
Cyclic Creep  
 
 
Fig. 2.7: Material response to various modes of cyclic input variables (stress controlled). 
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Rings berg [2001] has stated that instances where the material shows additional plastic 
deformation for every load cycle are known as ratcheting. The accumulation of 
deformation continues until the material ductility is exhausted. The rate of strain 
accumulation continuously decreases with increasing number of cycles, indicating material 
response towards a steady state.  
 
 
 
 
 
 
 
 
 
 
 
Numerically, ratcheting strain is measured as the mean strain for a particular cycle and it is 
expressed as:  
Ԑr = (Ԑmax + Ԑmin)/2 
Where,  
Ԑr = ratcheting strain 
Ԑmax= maximum strain at a particular cycle 
Ԑmin= minimum strain at the cycle. 
Where, 
max = Maximum stress  min = Minimum stress 
m     = Mean stress   a     = Stress amplitude 
P     =Plastic strain  a     = Strain amplitude 
r     = Ratcheting strain 
 
Fig. 2.8: Schematic illustration of ratcheting 
procedure. 
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2.6 Factors effecting ratcheting 
Strain accumulation by ratcheting limits the predictive capability of well-known Coffin 
Mansion relation [1] and it is known that accumulation of ratcheting strain usually 
degrades fatigue life of structural components [2, 3]. The extent of degradation depends on 
the imposed stress parameters such as mean stress, stress amplitude, stress ratio etc. and 
the nature of the material. 
2.6.1 Effect of mean stress and stress amplitude  
Several group of researchers have reported that strain get accumulated during ratcheting is 
due to presence of positive or negative mean stress. Dutta and Ray [23] reported that the 
accumulation of ratcheting strain for interstitial free steel increases if the magnitude of 
stress amplitude gets increased from 130 to 150 MPa at constant mean stress. Similar 
orders of increase in strain accumulation are observed with increase in mean stress, for any 
constant value of stress amplitude. These variations are illustrated in Fig. 2.9. 
 
 
Fig. 2.9: Variation of ratcheting strain with no. of cycles for varying mean stresses and 
at constant stress amplitude of (a) 130 MPa, (b) 140 MPa, (c) 150 MPa and (d) total 
accumulation of ratcheting strain. 
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Researchers also studied the effect of positive to negative mean stress on the nature of 
strain accumulation of copper alloy and reported that accumulation of strain due to 
ratcheting positive for positive mean stress and are negative for negative mean stress [23]. 
In case of constant stress amplitude, both ratcheting life and strain accumulation increase 
with tensile mean stress. In case of tensile and compressive mean stress, strain 
accumulation paths are mirror of each other. Ratcheting strain amplitude and ratcheting 
strain rate 63Sn37Pb increases with increase in stress amplitude or mean stress 
correspondingly [46, 47 and 58]. 
2.6.2 Effect of stress ratio 
Stress ratio (R = min/max) acts as an important parameter during asymmetric cyclic 
loading of a material. The effect of stress ratio on the nature of the accumulation of 
ratcheting strain has been reported by a few investigators [15, 59-60]. Yoshida [21] 
reported that significant strain accumulation can take place when R is both positive and 
negative. When R= -1, mean stress is zero, which indicates, symmetric cyclic loading. 
Hence there is almost negligible strain accumulation for R= -1. Plots of ratcheting strain 
vs. number of cycles for various R ratios are as shown in Fig. 2.10.  
 
Fig. 2.10: Variation of ratcheting strain with number of cycles for varying stress ratios 
of -1, 0, 0.8, -0.4 and -0.8. 
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The plots for R = 0 and R = 0.8 show almost similar amount of strain accumulation. Thus 
it may be considered that the strain accumulation due to ratcheting does not vary with 
increase in the magnitude of R. Shivaprasad et al. [59] worked on effect of stress ratio on 
strain accumulation due to ratcheting for SA 333 group 6 piping steel. The results indicate 
that strain accumulation does not take place upto R = -0.25, while it is significant for R=    
-0.50 and -0.75. Hence, they reported that stress ratio should be sufficiently negative for 
ratcheting to occur. 
Kang et al. [32] explained (Fig. 2.11) the ratcheting behavior of tempered 42CrMo steel 
under stress controlled cyclic loading with various peak stresses and stress ratios. It is seen 
from Fig. 2.11 that most signiﬁcant ratcheting occurs at the stress ratio of -0.889; 
increasing stress ratio results in reduction in strain accumulation. When the peak stress is 
kept constant at 800 MPa and 900 MPa, the ratcheting strain observed is very less at 
relatively high stress ratio of -0.500 and -0.444 respectively [15]. 
 
 
 
2.6.3 Effect of temperature 
Kang et al. [2] reported that at room and elevated temperatures, the ratcheting behavior of 
SS304 stainless steel depends on the temperature. The ratcheting strain increases with the 
Fig. 2.11: Relation between ratcheting strain vs. number of cycles for (a) for peak stress 
800 MPa (b) for peak stress 900 MPa. 
(b) (a) 
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mean stress and stress amplitude. Under the stress cycling with variable mean stresses and 
constant stress amplitude, at room temperature, as shown in Fig. 2.12 (a), when mean 
stress is small (for case 1), ratcheting does not occur during the cycling. As the mean stress 
is high enough (for case 2), the ratcheting occurs. The ratcheting strain increases with the 
increasing of mean stress.  
 
 
 
 
 
 
 
Under the stress cycling with variable stress amplitudes and constant mean stress, at room 
temperature, the ratcheting strain and its rate increase with the stress amplitude. At high 
temperatures, as shown in Fig. 2.11(b), the ratcheting strain has the same variations as 
those at room temperature with respect to stress amplitude and number of cycles N. 
However, though the stress level of each loading case at high temperatures is lower than 
that at room temperature, the ratcheting is more considerable. It can be obtained that the 
ratcheting strain increases with the ambient temperature. 
2.6.4 Effect of cyclic hardening and softening features 
Generally materials presented in the stress cycling by addressing the cyclic 
softening/hardening feature of the material. Ratcheting behavior of a material depends on 
cyclic hardening/ softening features of it. Paul et al. [27] reported that hardening of the 
material during cyclic deformation can be explained in the ways like, decrease in the size 
of hysteresis loop/hysteresis loop area or decrease in the width of hysteresis loop. Sarkar et 
Fig. 2.12: Ratcheting strain vs. number of cycles under (a) constant strain amplitude 
(b) constant mean stress. 
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al. [9] reported that the hardening associated with increase of mean stress and the 
corresponding lowering of absorbed cyclic plastic strain energy per cycle increases the 
ratcheting fatigue life. Ratcheting curves of solution annealed austenitic stainless steel 
(ASS) as shown in Figure 2.13 (a) and (b) reveal the ratcheting strain accumulation pattern 
in the specimen as a function of number of cycles (N) at 1100°C and 1200°C. They 
concluded that when the material ASS under cyclic hardening behavior, the ratcheting 
strain decreases with increasing number of cycles. 
 
 
 
 
 
 
 
2.7 Structural features of fatigue 
The process of damage accumulation due to cyclic loading of a metal is complex. The 
structural variations of a metal subjected to cyclic loading can be divided into the 
following stages: 
1. Crack initiation 
2. Slip band crack growth 
3. Crack growth on planes of high tensile stress 
4. Ultimate ductile failure. 
Fatigue cracks initiate at a free surface before 10 percent of the total life of the specimen 
has elapsed. Slip lines are formed during the first few thousand cycles of stress and 
Fig. 2.13: Ratcheting curves showing the strain evolution pattern with progression of cyclic 
loading of the investigated 304 austenitic stainless steel annealed at (a) 1100°C (b) 1200°C. 
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successive cycles produce additional slip bands. Cracks usually occur in the region of 
heavy deformation. There are several slip bands which are more persistent than the rest and 
which will remain visible when the other slip lines have been polished away. These 
persistent slip bands are embryonic fatigue cracks since they open into wide cracks on the 
application of small tensile strains. 
Initiation of fatigue deformation is the formation of ridges and grooves called slip band 
extrusions and intrusions on the surface. These micro deformations lead to the formation of 
fatigue crack, as these serve as regions of high stress concentrations. The mechanism for 
the initiation of fatigue crack is in agreement with the facts that fatigue cracks start at 
surfaces and cracks have been found to initiate at slip band intrusions and extrusions. 
2.8 Fatigue life prediction: Total life and safe life approach 
By means of stress strain based wholer diagram the approximate number of cycles can be 
predicted upto which a component can be used until a failure criteria is reached, either 
defined as complete fracture or by exceeding a critical crack length or maximum strain 
according to dimensioning of the wholer system. The strain based Wohler diagram 
(Fig.2.14) can be described mathematically by superimposing basquins equation for HCF 
regime (Nf > 10
4
 cycles) and Monson’s and coffin’s equation for LCF regime (Nf < 10
4
 
cycles). Taking the detrimental effect of a mean stress into account the superimposition 
yields the following relationship between the total strain amplitude and the number of 
cycles to technical crack initiation Nf. 
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The strain based Wohler diagram can be approximated by data from monotonic tensile 
tests using the ultimate tensile tests using the ultimate tensile strength.  
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Fig. 2.14: Fatigue strain life curve obtained by super position of elastic and 
plastic strain life equations (schematic). 
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EXPERIMENTAL PROCEDURES 
3.0 Introduction  
The aim of this investigation is to study the cyclic deformation behavior of AISI 4340 
steel, in conjugation with the investigations related to grain size effect on ratcheting 
behavior. To fulfill these aims, various kinds of experiments were conducted which are 
described in this chapter. An overview of all the experiments includes determination of 
chemical composition of the selected steel, heat treatment, microstructural analysis, 
determination of tensile behavior of the steel, study of fracture surfaces, experiments 
related to stress-controlled and strain controlled fatigue behavior, X-ray diffraction studies, 
scanning electron microscopy and pre and post fatigue hardness tests. 
3.1 Material selection and specimen specification 
The sample selected for the current investigation was a medium carbon steel designated as 
AISI 4340. It is one of the American standard specifications of the medium carbon steel 
having the ferrite matrix with pearlite and so it has high toughness and strength [38]. This 
steel is selected due to wide applications like designing components of aircrafts (crank 
shafts, gears and engine parts) and other machinery parts etc. and these components 
experience fatigue type of load on service. The steel was available in the form of rods of 
18 mm diameter. The chemical composition of the selected material has been assessed 
using optical emission spectrometer. 
3.2 Heat treatment 
Steels can be heat treated to produce a great variety of microstructures and properties. One 
of the objectives of this study is to investigate the effect of grain size on low cycle fatigue 
behavior of the material associated with ratcheting deformation. Therefore the steel has 
been subjected to two types of heat treatments viz. annealing and normalising. In this 
investigation the steel has been heat treated using electric pit furnace. One set of specimens 
have been heated up to 750°C and at this temperature these were held for 2 h. for soaking.
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 After soaking, these were cooled slowly to facilitate annealing operation. Another set of 
specimens have been heated up to 877°C, after soaking of 2 h. these has been taken out of 
the furnace to allow these to cool in air to facilitate normalising operation Figure 3.1 (a) 
shows furnace cooled samples after annealing and Fig.3.1 (b) shows the air cooling of 
specimens during normalising. 
 
 
3.3 Specimen design for tensile and fatigue tests 
Tensile and fatigue test specimens have been fabricated as per ASTM standards E8M [61] 
and E-606 [62] respectively from heat treated rods of 220 mm length. Typical 
configurations of tensile and fatigue specimens are shown in Fig. 3.2 (a) and (b). Snapshot 
of actual tensile and fatigue specimens also shown in Fig. 3.2 (c). 
Fig. 3.1: (a) Annealed samples after cooled to room temperature (b) Normalised samples 
during cooling 
(a) 
)))) 
(b) 
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3.4 Microstructural analysis and grain size measurement 
Samples of approximately 10 mm diameter with 8 – 10 mm height have been cut 
from heat treated steel for metallographic examinations. All specimens have been initially 
thoroughly polished using emery papers of 1/0, 2/0, 3/0 and 4/0 grades and finally using 
0.25 µm diamond paste and etched with suitable etchant, nital (2% HNO3 and 98% 
ethanol).  The microstructural constituents of the investigated steel have been examined 
using an optical microscope (Carl Zeiss, model no.: 3327000403, Germany) connected to 
an image analyzer (Software: Axio vision release 4.8 S.P 3) and a series of representative 
photographs have been recorded. The microstructure of the investigated steel exhibited 
larger grains for annealed samples and smaller grains for normalised ones.  
Fig. 3.2: (a) Typical configuration of tensile specimen (b) Fatigue specimen and             
(c) snapshot of actual tensile and fatigue specimens 
 
(c) 
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The average grain size has been estimated using linear intercept method following ASTM 
standard E-112 [63]. In this method, a linear test grid has been superimposed on the 
microstructure and the number of grains intercepted by the test line has been counted. Such 
measurements have been repeated at least on 50 randomly chosen fields. The grain size (d) 
has been calculated as:  
L
T
N
L
d   
Where, NL = No. of grains intercepted by a unit true test line length. The true length LT of a 
test line is defined as the length of the test line at unit magnification.  
3.5 Study of mechanical properties 
3.5.1 Hardness testing 
Hardness is defined as the ability of a material to resist plastic deformation, usually by 
indentation. The specimens for hardness measurements have been first ground flat and 
parallel to each other using a belt grinder to ensure accuracy of measurements. Then the 
samples mechanically polished as mentioned in section 3.4. Using Vickers hardness tester 
(LECO LV400, US), the hardness has been measured at a load of 20 kgf with dwelling 
time of 15s. At least 3 readings have been taken on each specimen for the estimation of 
average hardness values. 
3.5.2 Tensile test 
The most common type of test used to measure the mechanical properties of a material is 
the tension test. This test is widely used to provide basic design information on the strength 
of materials. In this investigation servo hydraulic universal testing system (BISS, ±100kN, 
India) is used to perform the test. Round bar specimens, having gauge length 25 mm and 
diameter 10 mm have been fabricated from annealed and normalised rods according to 
ASTM standard E8M [61]. Gage portion of the specimens have been polished by holding 
these in lathe machine to make surface flaw free and make the smooth using fine grade 
emery papers. Tensile test has been performed at cross head speed of 1mm/min. For each 
Chapter 3                                                    Experimental Procedures                                                     
 
28 
 
test, the load displacement values have been automatically recorded for subsequent 
processing. 
3.5.3 Fatigue test 
Stress controlled and strain controlled fatigue tests have been carried out at room 
temperature. Stress-control tests have been done at a constant stress rate of 50 MPa/s and 
strain controlled tests at a strain rate of 0.08 s
-1
. Based on the employed test controls, the 
test can be classified into three categories (i) Ratcheting by varying stress ratios (ii) LCF 
followed by ratcheting (iii) Ratcheting followed by LCF.  
3.5.3.1 Ratcheting by varying stress ratios 
Ratcheting (stress controlled) tests have been done at stress ratios of -0.4, -0.6 and -0.8. 
The maximum stress selected as 80% of ultimate tensile strength i.e., 800 MPa and 1300 
MPa for annealed and normalised specimens respectively. All these details are listed in 
Table 3.1. 
Table 3.1: Test matrix for ratcheting test under varying stress ratios. 
 
During each test, the load- extension as well as the actuator displacement data has been 
continuously recorded by using the attached software to the computer. It was aimed to 
acquire at least 250 data points per cycle during test. All fatigue tests have been done upto 
S. No. Stress ratio 
( R ) 
Annealed Normalised 
σa (MPa) σm (MPa) σa (MPa) σm (MPa) 
1 -0.4 560 240 910 390 
2 -0.6 640 160 1040 260 
3 -0.8 720 80 1170 130 
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100 cycles and then post ratcheting tensile test has been done for further analysis on these 
samples. 
3.5.3.2 LCF followed by Ratcheting 
One set of annealed specimens have been studied for strain controlled low cycle fatigue 
test upto 100 cycles and for another set of specimens strain controlled test has been done 
after ratcheting (stress controlled). All these details are listed in Table 3.2. Strain controlled 
test has been done at strain rate of 0.08 s
-1
 and strain amplitudes of ±0.25 and ±0.50. 
Ratcheting test has been done at fixed maximum stress of 800 MPa. Load-extension as 
well as the actuator displacement data has been recorded and finally result compared 
between only LCF and after ratcheting LCF in terms of stress amplitude. 
Table 3.2: Test Matrix for LCF followed by Ratcheting Test. 
 
S. No. 
 
Only LCF 
LCF followed by Ratcheting 
Ratcheting LCF 
1 Strain amplitude of 
±0.25 
σa=560 MPa, 
σm=240 MPa 
Strain amplitude of 
±0.25 
2 Strain amplitude of 
±0.50 
σa=560 MPa, 
σm=240 MPa 
Strain amplitude of 
±0.50 
 
3.5.3.3 Ratcheting followed by LCF 
One set of annealed specimens have been tested for ratcheting test done upto 100 cycles 
and for another set of specimens have been tested for ratcheting after strain controlled LCF 
test up to 100 cycles. All the details of these tests are listed in Table 3.3. All ratcheting and 
strain controlled tests have been done as mentioned in section 3.5.3.2. Load-extension as 
well as the actuator displacement data has been recorded and finally results are compared 
in terms of ratcheting strain between only ratcheted and after LCF ratcheted specimens. 
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S. No. 
 
Only Ratcheting 
Ratcheting followed by LCF 
LCF Ratcheting 
1 σa=560 MPa, 
σm=240 MPa 
Strain amplitude 
of ±0.25 
σa= 560 MPa,  
σm= 240 MPa 
2 σa=560MPa, 
σm=240 MPa 
Strain amplitude 
of ±0.50 
σa= 560 MPa,  
σm= 240 MPa 
 
3.6 Post ratcheting tensile and fractography 
Post ratcheting tensile test has been done for ratcheted specimens to know the yield 
strength and ultimate tensile strength variations after the ratcheting. For this study the 
tensile tests have been done as mentioned in section 3.5.2. To study the fracture surface, 
transverse sections from the gauge portion of the broken tensile and post ratcheting tensile 
specimens have been cut. Figure 3.3 shows the fractured specimens after tensile test. 
 
 
Fig. 3.3:  Typical configuration of fractured specimens of tensile and post ratcheting tensile 
samples of investigated steel. 
 
Table 3.3: Test matrix for ratcheting followed by LCF test. 
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Images of the fracture surface have been taken by scanning electron microscope (SEM) at 
different magnifications. The instrument model used for the SEM analysis was JEOL JSM-
5800LV. A potential of 20 KV has been used for the scanning electron microscope and the 
magnification used for the samples are 2000X respectively. Compositional analysis on the 
sample has been carried out by the energy dispersive spectroscopy (EDS) attached with the 
SEM. The EDS normally reveals the presence of elements at inclusions. 
3.7 XRD profile analysis 
The X-ray diffraction profile analysis (Model: XPert-3040Y00, Holland) using the 
modified Williamson–Hall equation has been carried out in order to estimate the 
dislocation density in the specimens subjected to both strain controlled and ratcheting 
deformation. For this study the samples has been cut below fracture surface, transverse 
sections from the gauge portion of the broken tensile and post fatigue loaded specimens. 
These analyses were carried out using high resolution Cu-Kα radiation. Samples were 
subjected to XRD in the scanning range of 30°-110° at scanning rate of 5°/min. The results 
will be compared in terms of dislocation densities between undeformed and low cycle 
fatigue loaded specimens. 
3.8 Post-ratcheting hardness  
Post-ratcheting hardness tests have been done by cutting the transverse sections of the 
gauge portion of the ratcheted samples with approximate height of 10 mm, after cutting the 
portion containing the fracture surface. Specimens have been prepared for hardness studies 
as mentioned in Section 3.4.1. 
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RESULTS AND DISCUSSION 
4.0 Introduction 
The  aim  of  this  investigation  is  to  study  the  low  cycle  fatigue  (LCF)  behavior  of  
AISI 4340  steel  particularly  under  stress controlled and strain controlled conditions. To 
fulfill this aim various experiments have been conducted, which are described in chapter 3. 
This chapter deals with the obtained results of all  the  experiments  conducted  during  this  
investigation  in  association  to  their  brief discussion. This chapter is divided into various 
sub-sections: Section 4.1 deals with chemical analysis of the investigated steel; In Section 
4.2 microstructural  analysis and grain size result  have  been  discussed; results of 
mechanical properties includes results  and  discussion  of  uniaxial ratcheting  tests and 
strain controlled fatigue test have been provided in Section 4.3 with  relevant  discussion,  
Sections  4.4  to  4.7  includes,  post ratcheting tensile, post ratcheting hardness variations, 
fractographic features of the broken tensile sample, XRD profile analysis results 
respectively. 
4.1 Chemical analysis 
The chemical composition of the selected material which was obtained using 
optical emission spectrometer is shown in the table 4.1. The AISI 4340 steel contains 
around 0.35 - 0.38% C with Ni, Cr and Mo as chief alloying elements. The presence of 
1.52% Ni, 1.44% Cr and 0.18% Mo are at per with the composition of AISI 4340 steel, as 
per ASM handbook [38]. 
 
 
Element C Si Mn S P Cr Ni Mo Al Fe 
Wt.% 0.35 0.31 0.69 0.02 0.03 1.44 1.52 0.18 0.03 Balance 
Table 4.1: Chemical composition of AISI 4340 Steel. 
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Among all the alloying elements in AISI 4340 steel, the presence of nickel in low alloy 
steels increases the toughness and hardenability. Molybdenum ensures uniform 
microcrystalline structure and augments hardenability and high temperature tensile 
strength whereas the presence of chromium improves toughness, hardness and wears 
resistance. 
4.2 Microstructural analysis and grain size measurement 
The optical microstructures of the investigated material under annealed and 
normalised conditions are shown in Fig. 4.1 and Fig. 4.2. The annealed microstructure in 
Fig. 4.1 (a) shows the ferrite (light) and pearlite (dark). 
 
 
 
    
Figure 4.1 (b) shows the optical microstructure of normalised AISI 4340 steel at 100 X 
magnifications and Fig. 4.2 (b) shows typical SEM microstructure at 1000X magnification 
which shows the soft ferrite (light) and pearlite (dark) phases. The normalised 
microstructure shows finer grain size as compared to the annealed microstructures. The 
faster rate of cooling during normalising process has lead to the formation of finer grain 
size as grain growth occurs during slow cooling in annealing process [38]. Typical SEM 
Fig. 4.1: Optical microstructure of (a) annealed (b) normalised AISI 4340 steel at 100X 
magnification. 
(a) 
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images of annealed and normalised specimens of investigated steel are illustrated in Fig. 
4.2. Grain size obtained by using linear intercept method according to ASTM standard 
E112 [63]. Average grain size of the specimen was found to be 16.55±2.07µm and 
7.20±1.15µm for annealed and normalised samples respectively. 
 
4.3 Study of mechanical properties 
4.3.1 Hardness testing 
The Vickers hardness test was carried out for the heat treated samples. The 
hardness values of annealed and normalised specimens are shown in table 4.2. A 
comparison of the hardness values of annealed and normalised samples indicates that 
average hardness of the normalised samples was 321 VHN which was higher as compared 
to the annealed samples with average hardness of 228 VHN. The normalised samples are 
being subjected to faster cooling rate showed increase in its hardness value. These results 
are in accordance with a few published reports [38], hence it can be stated that the heat 
treatment of investigated steel was proper. Further, low standard deviation in hardness 
values indicates that the values are repetative. 
 
  
Fig. 4.2: SEM microstructure of (a) annealed (b) normalised samples of AISI 4340 steel at 
1000X magnification. 
(a) 
)))
) 
(b) 
)))
) 
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4.3.2 Tensile test 
The tensile properties of the investigated steel in annealed and normalised conditions have 
been studied using cylindrical samples; the detailed test procedure is mentioned in Section 
3.5.2. Typical engineering stress-strain diagrams for the investigated steel for annealed and 
normalised specimens are illustrated in Fig. 4.3 (a) and (b). Both annealed and normalised 
specimens showed continuous yielding behavior from elastic to plastic region and hence 
their yield strength is estimated by 0.2% strain off-set procedure, as suggested in ASTM 
standard E8M [61]. The tensile properties of the annealed and normalised samples are 
given in table 4.3. All the values which are tabulated were almost near to standard values 
of this particular selected steel as mentioned in ASM hand book [38]. Hence it can be 
stated that the heat treatment and specimen design of investigated steel were proper. The 
main focus to perform this test is that to calculate stress amplitude and mean stress from 
the ultimate tensile stress which were used in fatigue test and to compare the properties 
with standard values of this steel. Estimating the stress values from the above stress strain 
plots for annealed and normalised specimens and comparing the results, the yield strength 
and ultimate tensile strength of the annealed specimen were found to be 616 MPa and 
906MPa which are less as compared to the normalised specimen which were 1300 MPa 
and 1467 MPa respectively. This shows that the normalised specimen has more strength 
 
Sl. No. 
Annealed Normalised 
HV20 Average HV20 Average 
Indentation 1 229  
228±1.13 
323  
321±1.17 Indentation 2 226 321 
Indentation 3 229 320 
Table 4.2: Vickers hardness values for annealed and normalised samples of AISI 
4340 Steel. 
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compared to annealed specimen because of finer grain size induced due to air cooling as 
expected. The uniform elongation (u) of annealed specimen found as 8.86% and for 
normalised specimen was 4.62%. The total elongation (t) of annealed specimen and 
normalised specimen was 16.11% and 11.94% respectively. From this it can be concluded 
that the normalised specimen being stronger and less ductile and less elongation showed as 
compared to annealed specimen. 
 
 
 
a) (a) 
Fig. 4.3: Engineering stress strain curve for (a) annealed and (b) normalised samples of 
AISI 4340 steel. 
(b) 
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The strain hardening exponent (n) of the AISI 4340 steel was estimated by calculating the 
true stress (σ) and true strain (ε) values from the engineering stress and engineering strain 
respectively. The log(true stress) vs. log (true strain) plots in the strain range of 1.68 to 
4.13 for annealed, 1.11 to 2.88 for normalised samples result into straight lines as shown in 
Fig. 4.4. The strain hardening exponent values were calculated by using Hollomon 
equation σ = Kn, where K is strength coefficient. The values of n are summarized in the 
table 4.3. 
 
 
 
Strength  Annealed Normalised 
Yield Strength (MPa) 616  1300  
Ultimate tensile strength (MPa) 906  1467  
Strain Hardening Exponent (n) 0.18 0.10 
Uniform elongation (u) % 
8.86 4.62 
Total elongation (t) % 
16.11 11.94 
a) 
Fig. 4.4: Comparison of the log (σ) – log (ε) plots for annealed and normalised 
samples of AISI 4340 Steel. 
 
 
Table 4.3: Tensile properties of annealed and normalised samples of AISI 4340 steel. 
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4.3.3 Analyses of fatigue tests  
4.3.3.1Ratcheting by varying stress ratio: 
The results of cyclic tests conducted up to 100 cycles under various stress ratios in 
annealed and normalised conditions are presented and discussed in this section. Figure 4.5 
(a) and (b) show the hysteresis loops of first, 50
th
 and 100
th
  cycles at stress ratio of R = -
0.4 for both annealed and normalised specimens respectively. During stress controlled 
fatigue, the accompanying variation in strain range with progression of cycles is due to the 
change in hardening or softening response of the material. 
Kang et al. [15] explained that the ratcheting strain increases gradually and stress–strain 
hysteresis loops become wider, if there is cyclic softening feature of the material. As one 
can visualize that, if the hysteresis loop area increases, a material shows cyclic softening 
behavior and if the hysteresis loop area decreases there exists cyclic hardening [18-21]. 
This hardening/softening feature of materials depends greatly on the different heat 
treatments experienced [18]. 
 
 
From Fig. 4.5, it is clear that hysteresis loops shift towards more strain direction during 
ratcheting deformation, which in turn induces plastic strain to the material. Strain 
accumulation is calculated by taking the average of minimum and maximum strain in 
particular cycle. The loop area decreased from first cycle to last cycle i.e., the strain 
(a) (b) 
Fig. 4.5: Typical hysteresis loops generated during ratcheting tests at R= -0.4 for (a) 
annealed (b) normalised specimens. 
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accumulation is decreased from first cycle to last cycle. This indicates clearly that the 
selected material shows cyclic hardening behavior. 
Yoshida [21] reported that the strain accumulation for R = -0.4 is slightly larger than the R 
= 0.8, 0.0, -0.8 and -1.0. But the difference in the magnitude of strain accumulation is not 
so large between stress ratios of others. Kang et al. [15] explained that the most signiﬁcant 
ratcheting occurs at the stress ratio of 0.889, even if the increasing stress ratio also results 
in a weaker ratcheting behavior in 42CrMo steel. Figure 4.6 (a) and (b) depict the 
variations in ratcheting strain with number of cycles at different stress ratios in both 
annealed and normalised conditions. As the stress ratio increases ratcheting strain also 
increases in both annealed and normalised samples and the magnitude of strain 
accumulation in ratcheting of R = -0.4 is slightly higher than that in case of R= -0.6 and -
0.8. Larger strain accumulation at a given number of stress cycles is found at stress rate of 
R=-0.4.All these details summarized in table 4.4. These features are partially similar to 
those obtained by Yoshida [21], for SUS304 stainless steel but totally different from 
42CrMo steel [15]. This fact causes increased amount of dislocation generation when 
stress ratio is increased to higher level. The increase in strain accumulation with increasing 
stress ratio can be described as a consequence of increasing dislocation density, at higher 
stress ratio levels [72]. 
 
 
 
 
 
 
S. No. Stress ratio 
( R ) 
Ratcheting strain % 
Annealed Normalised 
1 -0.4 1.16 1.0 
2 -0.6 0.62 0.94 
3 -0.8 0.40 0.81 
Table 4.4: Ratcheting strain variation with respect to stress ratio. 
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(b) 
Fig. 4.6: Effect of stress ratio on ratcheting strain at R= -0.4, -0.6 and -0.8 in              
(a) annealed (b) normalised specimens. 
(a) 
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Xia et al. [13] observed that the rate of accumulation of ratcheting strain i.e., the increment 
of ratcheting strain in each cycle decreases gradually with the number of cycles due to its 
cyclic hardening feature in ASTM A-516 Gr.70 steel. Chen et al. [8] observed that the 
ratcheting strain increases in high-nitrogen steel X13CrMnMoN18-14-3 whereas its rate 
decreases continuously with increasing number of cycles. Dutta and Ray [23] observed that 
rapid accumulation of ratcheting strain in the initial few cycles followed by attainment of a 
steady state value in ratcheting rate are the characteristic features of the asymmetric cyclic 
deformation behavior of IF steel. All these studies indicate that strain accumulation takes a 
saturation plateau after few cycles of loading. In this study also, the nature of attainment of 
steady state has been examined. Figure 4.7 (a) and (b) depict the variations in ratcheting 
strain rate effect with number of cycles at different stress ratios in both annealed and 
normalised conditions respectively. From Fig.4.7, it can be seen that the rate of strain 
accumulation decreases continuously up to initial few cycles after that it reaches saturation 
level in both annealed and normalised conditions. It can also be stated that there is no 
much variation in ratcheting strain rate at different stress ratios.  
 
 
 
 
Fig. 4.7: Variation in the rate of accumulation of ratcheting strain with increasing number 
of cycles for (a) annealed (b) normalised AISI 4340 steel at different stress ratio. 
(a) (b) 
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4.3.3.2 Effect of previous ratcheting deformation on low cycle fatigue behavior of the 
steel 
It is known that ratcheting deformation causes plastic damage to a material and thus, it 
affects the properties of the material. To see the effect of previous ratcheting on the low 
cycle fatigue behavior of the investigated material, one set of samples were tested for strain 
controlled low cycle fatigue tests and another set of samples were first ratcheted upto 100 
cycles followed by strain controlled low cycle fatigue tests; both types of results are 
compared in terms of stress amplitude. The LCF tests were carried out at strain amplitudes 
of ±0.50 and ±0.75 whereas the ratcheting tests done at stress ratio of -0.4.  
In strain controlled fatigue cyclic hardening and softening would lead to increasing and 
decreasing peak stress with increasing cycles respectively [1]. Figure 4.8 (a) and (b) 
represents the hysteresis loops of 1
st
, 50
th
and 100
th
 cycles which were produced during 
strain controlled tests for the annealed AISI 4340 steel at strain amplitudes of ±0.50 and 
±0.75 respectively. The loop heights increase from 1
st
 cycle to last cycle that means the 
material showing hardening behavior. The hysteresis loop area at strain amplitudes of 
±0.50 and ±0.75 are tabulated in table 4.5. These results are similar to those obtained by 
Zhu et al. [66] for Mg–10Gd–2Y–0.5Zr alloys and totally different from that of carbon 
steel 45 [32], Cr-Mo-V high speed steel [66], 34CrMoNi steel [67]. From this experiment 
it can be concluded that in both stress controlled and strain controlled tests, the material 
showed hardening behavior. 
Paul et al. [27] reported that with increasing applied strain amplitude, the degree of cyclic 
hardening initially increases and saturates at higher strain amplitude. Figures 4.9 (a) and 
(b) displays the stress amplitude vs. number of cycles relationship for only LCF and post 
ratcheting LCF respectively. 
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Fig. 4.8: Hysteresis loops produced during strain controlled LCF tests at strain 
amplitudes of (a) ±0.50 (b) ±0.75 of annealed AISI 4340 steel. 
(b) 
(a) 
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It is noted from Fig 4.9 (a) and (b) that for annealed AISI 4340 steel, the stress amplitudes 
in the cyclic straining with different applied strain amplitudes are different. The stress 
amplitude obtained as 1217 MPa and 1323 MPa at strain amplitudes of ±0.50 and ±0.75 
respectively. At higher levels of cyclic straining (i.e., at ±0.75), hardening is rapid in the 
ﬁrst few cycles, followed by an almost steady but low rate of hardening. It may be noted 
that complete saturated state of hardening is not exhibited. Similar dependency of cyclic 
hardening on imposed strain amplitude was also reported for austenitic stainless steels, 
such as AISI 304L and AISI 316 [69–72]. For another set of samples ratcheting tests were 
done up to 100 cycles and again LCF tests (LCF followed by ratcheting) conducted on 
same samples at same conditions. The stress amplitude obtained in LCF after ratcheting as 
1363 MPa and 1426 MPa at same strain amplitudes. All these details mentioned in table 
4.6.The results indicate that almost 10% increment in peak stress takes place for the lower 
strain amplitude test while the increment in peak stress is 7% for higher strain amplitude. 
By this experimental results it is concluded that the stress amplitudes were increased at 
both strain amplitudes after ratcheting followed by LCF test compared to only LCF tests. 
The fact of increased stress amplitude in ratcheting plus LCF specimens can be attributed 
to the previous cyclic hardening during ratcheting tests. 
Strain amplitude Hysteresis loop area (MJ/m
3
) 
 
±0.50 
850 
880 
885 
 
±0.75 
1881 
1912 
1935 
Table 4.5: Hysteresis loop area at strain amplitudes ±0.50 and ±0.75 for annealed AISI 
4340 steel. 
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Fig. 4.9: Stress amplitude values at strain amplitudes of ±0.50 and ±0.75 in a) only LCF  
b) after ratcheting LCF. 
(b) 
(a) 
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4.3.3.3 Effect of previous low cycle fatigue deformation on ratcheting behavior of the 
steel 
To see the effect of previous low cycle fatigue deformation on the ratcheting behavior of 
the investigated material, one set of samples were tested for ratcheting and for another set 
of samples first tested for LCF up to 100 cycles and that was followed by ratcheting tests; 
both types of results are compared in terms of accumulated ratcheting strain. The LCF tests 
were carried out at strain amplitudes of ±0.50, ±0.75 and the ratcheting tests done at stress 
ratio of -0.4. Figure 4.10 (a) and (b) illustrate the comparison between only ratcheting and 
after LCF plus ratcheting. The sample which was tested for only ratcheting showed a strain 
accumulation of 9.4%. On the other hand, the samples which were previously fatigue 
loaded, showed varying strain accumulations of 7.5% and 4.8 % for strain amplitudes of 
±0.50 and ±0.75. All these details are mentioned in table 4.7. A decrease of ratcheting 
strain observed in ratcheting after LCF test. The results indicate that ratcheting strain 
rapidly increased up to first few cycles, then it was gone towards saturation by slow 
increase of strain up to 20 cycles after that saturation in strain accumulation is achieved.    
 
S. No. Test parameter Strain 
amplitude 
Stress amplitude 
(MPa) 
1 Only LCF ±0.50 1217 
±0.75 1323 
2 After ratcheting 
LCF 
±0.50 1363 
±0.75 1426 
Table 4.6: Stress amplitude values after LCF test at strain amplitudes ±0.50 
and ±0.75. 
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Fig. 4.10: Ratcheting strain at stress ratio of -0.4 in a) only ratcheting b) after 
LCF ratcheting. 
(a) 
(b) 
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4.4 Post ratcheting tensile  
To understand the effect of previous strain accumulation on tensile properties of ratcheted 
specimens; tensile tests were carried out on a series of specimens after 100 cycles of 
ratcheting, subjected to varying stress ratio conditions. Mahato et al. [71] observed that 
post ratcheting yield and ultimate tensile strength of copper increased as compared to 
unratcheted samples and these are decreased with decreasing stress ratio. Dutta et al. [23, 
72] reported that both yield strength and ultimate tensile strength of IF steel and Aluminum 
alloy increase as compared to unratcheted values. Figure 4.11 (a) and (b) show the post 
ratcheting tensile plots for both the heat treated conditions. All the details related to these 
tests are summarized in table 4.8.The results clearly showed that yield strength and 
ultimate tensile strength increased as also shown in Fig.4.11. Further, the results indicate 
that the strength values are higher at stress ratio R= -0.4 than at R= -0.6 and -0.8 in both 
annealed and normalised samples. The strain hardening exponent values for post ratcheted 
tensile samples increased compared to unratcheted one in both annealed and normalised 
conditions. This fact indicates that the strength of the ratcheted steel is governed by 
increased strain hardening [23]. From the results it can be concluded that post ratcheting 
yield strength and ultimate tensile strength of selected steel increased as compared to 
unratcheted samples and these are decreased with decreasing stress ratio. 
S. No. Test parameter Stress ratio Ratcheting 
strain% 
1 Only ratcheting R= -0.4 9.4 
 
2 
 
After LCF 
ratcheting 
After ±0.50 LCF at 
R=-0.4 
7.5 
After ±0.75 LCF at 
R= -0.4 
4.8 
Table 4.7: Ratcheting strain values after ratcheting test at stress ratio R = -0.4. 
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 Fig. 4.11: Post ratcheting tensile stress-strain plots for (a) annealed and (b) normalised 
samples of investigated steel. 
 (a) 
(b) 
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4.5 Post ratcheting hardness  
To assess the extent of deformation during cyclic loading, post-ratcheting hardness tests 
were also carried out on ratcheted samples. In order to do this, Vickers hardness tests were 
done on a series of specimens cut from the guage portions of post ratcheting tensile 
samples after post-ratcheting tests; the results are listed in table 4.9. It can be noticed that 
hardness values of the investigated steel specimens increased after ratcheting deformation. 
Bhattacharyya et al. [73], reported similar increase in hardness of specimens subjected to 
their rolling cycle fatigue. They have reported that increase in hardness can be a result of 
cyclic hardening, which takes place due to continuous plastic strain accumulation. Hence 
in this investigation increase in hardness can be considered due to the effect of strain 
hardening due to ratcheting deformation. It is clear from the table 4.9 that hardness varies 
with stress ratio i.e., as the stress ratio decreases, hardness decreases. Hence from the 
results it can be concluded that at more negative stress ratio, the hardness increases in the 
investigated steel. 
Properties Stress ratio Yield strength 
(MPa) 
Ultimate 
tensile strength 
(MPa) 
Strain 
hardening 
exponent (n) 
 
 
Annealed 
Unratcheted 616 906 0.18 
R= -0.4 854 1019 0.18 
R= -0.6 833 978 0.17 
R= -0.8 769 916 0.15 
 
 
Normalised 
Unratcheted 1300 1467 0.10 
R= -0.4 1380 1895 0.10 
R= -0.6 1621 1737 0.11 
R= -0.8 1504 1675 0.13 
Table 4.8: Post ratcheting tensile test values for annealed and normalised samples at 
different stress ratios. 
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Stress ratio Annealed Normalised 
HV20 Average HV20 Average 
 
 
Unratcheted 
229  
 
228±1.13 
323  
 
321±1.17 
226 321 
228 320 
 
 
-0.4 
329  
 
331±1.94 
462  
 
462±2.30 
330 463 
333 459 
 
 
-0.6 
3 01  
 
302±1.86 
447  
 
444±2.40 
304 442 
302 443 
 
 
-0.8 
252  
 
253±1.68 
 
427  
 
424±2.75 
 
253 424 
255 421 
 
4.6 Fractographic Observation 
The fracture surfaces of broken tensile samples which were previously ratcheted as well 
low cycle fatigued were examined by means of scanning electron microscope (SEM) using 
the secondary electron signal. Figure 4.12 show the SEM images of the fracture surfaces of 
post ratcheted tensile samples at different of low cycle fatigue and ratcheting conditions. 
The fractographs reveal ductile morphology with greater number of dimples as shown in 
Fig. 4.12 although all the specimens are having distinct signatures of precious cyclic 
loading on their morphologies. So, the fracture surfaces in Fig. 4.12 confirm with the 
induced ductility in the ratcheted and low cycle fatigue annealed samples. 
 
Table.4.9: Post ratcheting hardness values for annealed and normalised samples at 
different stress ratios. 
 
 
Table.[X] Post ratcheting hardness values for annealed and normalised samples at different 
stress ratios 
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Elemental analyses of inclusions were done using energy dispersive spectroscopy (EDS). 
Figure 4.14 shows the EDS spectra of Ratcheting plus LCF and LCF plus ratcheting at 
strain amplitude of ±0.50 samples respectively.  The results show that mainly Fe-based 
inclusions are present in the investigated AISI 4340 steel. It is reported that the inclusions 
in investigated steel can be Fe3P, Fe2Si2Al9 or a mixture of the two. MnS type inclusions 
also can be expected in this type alloy.  
 
 
Fig. 4.12: Typical fractographs (a) Ratcheting and LCF at ±0.50 (b) Ratcheting and LCF at 
±0.75 (c) LCF at ±0.50 and ratcheting (d) LCF at ±0.75 and ratcheting. 
 
(a) (b) 
(c) (d) 
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4.7 XRD profile analysis 
A series of X-ray diffraction experiments were done for all the fatigue specimens of the 
investigated AISI 4340 steel after 100 cycles of both ratcheting and strain controlled tests 
on transverse section of the gauge portion. This test carried out to understand the extent of 
deformation on the investigated steel. The patterns were examined by comparing the 
positions and intensities of samples with those in the (JCPDS) data files. Figure 4.14 
shows the X-ray diffraction patterns of the investigated material which consists of α-iron 
peaks and its (hkl) values at different loaded conditions. The X-ray diffraction profiles used 
for the analysis were (110), (200), (211), and (220) corresponding to α-Fe (bcc) phase. 
Fig. 4.13: EDS spectra of (a) Ratcheted plus LCF (b) LCF plus ratcheted samples at 
strain amplitude of ±0.50 of AISI 4340 steel. 
 
(a) (b) 
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Ungar et al. [77, 78] reported that dislocation density of different materials can be 
calculated by analyzing the full width half maximum of the corresponding XRD peaks. For 
this modified Williamson Hall equation can be used which can be written as: 
   242
22
2
1
2
1 CKOCK
bM
dK  

 
Where, K = 2 sin θ/λ and ΔK = 2 cos θ θ/λ and θ, θ are the diffraction angle and the 
integral breadth of the diffraction peak. C  represents the average contrast factor of the 
dislocations for a particular reflection and this is related to material’s elastic constant [77]. 
M is a constant depending on both the effective outer cut-off radius of dislocations and the 
dislocation density. The value of M varies in between1 and 2 for deformed materials [77-
80]. In this investigation the value of M considered 2. The ΔK for each (hkl) peak is 
plotted as a function of KC 1/2 as shown in Fig.4.15 and the slope (m) of the fitted curve is 
used to calculate the dislocation density from the following equation, 







22
2
2
bM
m

  
Fig. 4.14: X-ray diffraction patterns of the different fatigue loaded samples of 
investigated steel. 
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Fig. 4.15: ΔK verses K 1/2 plots for (a) annealed (b) LCF at ±0.50 plus ratcheting (c) LCF 
at ±0.75 plus ratcheting (d) Ratcheting plus LCF at ±0.50 (e) Ratcheting plus LCF at ±0.75. 
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The obtained dislocation density values for undeformed and low cycle fatigue loaded 
samples are tabulated in the table 4.10. One can note that dislocation density increased 
after ratcheting deformation as well low cycle fatigue. Few researchers also discussed in 
their recent reports that strain accumulation due to ratcheting depends on dislocation 
formation and their redistribution [80-81]. 
 
 
 
 
Stress condition  Dislocation density 
(m
-2
) 
Undeformed - 6.65×10
8
 
Ratcheting + LCF at ±0.50 Stress amplitude of 1363 MPa 1.59×10
18
 
Ratcheting + LCF at ±0.75 Stress amplitude of 1426 MPa 1.18×10
19
 
LCF at ±0.50 + Ratcheting Ratcheting strain of 7.5% 1.58×10
18
 
LCF at ±0.75 + Ratcheting Ratcheting strain of 4.8% 9.09×10
17 
Table 4.10: Dislocation density variation between deformed and undeformed samples of 
investigated steel. 
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5.1 Conclusions 
 
 
The obtained results and their pertinent analyses related to fatigue-ratcheting interaction 
 
behavior of AISI 4340 steel at room temperature assist to infer: 
 
1. Accumulation of ratcheting strain increased with increasing stress ratio in both 
annealed and normalised samples of AISI 4340 steel. Maximum accumulation of 
ratcheting strain (1.16% for annealed and 1.02% for normalised) was observed at R 
= -0.4 up to the investigated number of cycles. Rate of strain accumulation is 
decreased from first cycle to last cycle. This indicates clearly that the selected 
material shows cyclic hardening behavior. The increase in strain accumulation can 
be explained with increased dislocation densities in the ratcheted samples.  
2. Prior strain controlled low cycle fatigue (LCF) deformation reduces the 
accumulation of ratcheting strain in the investigated steel, in comparison to that in 
only ratcheted specimens. On the other hand, when the samples were ratcheted prior 
to strain controlled LCF tests, the required stress amplitudes increase to deform the 
specimen, as compared to only LCF tests. The samples which were previously 
fatigue loaded, showed increase in stress amplitude and decrease in strain 
accumulation due to cyclic hardening behavior of material.  
3. Post ratcheting yield strength, tensile strength and hardness of investigated steel 
increased as compared to unratcheted samples and these increased with increasing 
stress ratio. The fact can be attributed to the previous cyclic hardening during 
ratcheting tests. The fractographic features also carries this signature.  
4. XRD of previously fatigued samples evidenced the increased dislocation density 
values, as that compared with the undeformed specimens. 
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Chapter 5 Conclusions and Scope for future work 
 
5.2 Scope for future work  
 
1. In the present investigation fatigue-ratcheting interaction behavior of AISI 4340 
steel has been studied in annealed and normalised conditions. However, there is 
enough scope to study the behavior in other heat treated conditions.  
2. To study the dislocation sub-structure formation, TEM analysis could be done.  
3. Simulation of the ratcheting behavior of this material at different heat treated 
conditions may also be the future work.  
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